Creating small circular, elliptical, and triangular droplets of
  quark-gluon plasma by Aidala, C. et al.
Creating small circular, elliptical, and triangular droplets of quark-gluon plasma
C. Aidala,40 Y. Akiba,51, 52, ∗ M. Alfred,22 V. Andrieux,40 K. Aoki,30 N. Apadula,27 H. Asano,33, 51 C. Ayuso,40
B. Azmoun,7 V. Babintsev,23 A. Bagoly,16 N.S. Bandara,39 K.N. Barish,8 S. Bathe,5, 52 A. Bazilevsky,7
M. Beaumier,8 R. Belmont,12 A. Berdnikov,54 Y. Berdnikov,54 D.S. Blau,32, 43 M. Boer,35 J.S. Bok,45 M.L. Brooks,35
J. Bryslawskyj,5, 8 V. Bumazhnov,23 C. Butler,20 S. Campbell,13 V. Canoa Roman,57 R. Cervantes,57 C.Y. Chi,13
M. Chiu,7 I.J. Choi,24 J.B. Choi,10, † Z. Citron,62 M. Connors,20, 52 N. Cronin,57 M. Csana´d,16 T. Cso¨rgo˝,17, 63
T.W. Danley,46 M.S. Daugherity,1 G. David,7, 57 K. DeBlasio,44 K. Dehmelt,57 A. Denisov,23 A. Deshpande,52, 57
E.J. Desmond,7 A. Dion,57 D. Dixit,57 L. D. Liu,49 J.H. Do,64 A. Drees,57 K.A. Drees,6 M. Dumancic,62
J.M. Durham,35 A. Durum,23 T. Elder,20 A. Enokizono,51, 53 H. En’yo,51 S. Esumi,60 B. Fadem,41 W. Fan,57
N. Feege,57 D.E. Fields,44 M. Finger,9 M. Finger, Jr.,9 S.L. Fokin,32 J.E. Frantz,46 A. Franz,7 A.D. Frawley,19
Y. Fukuda,60 C. Gal,57 P. Gallus,14 P. Garg,3, 57 H. Ge,57 F. Giordano,24 Y. Goto,51, 52 N. Grau,2 S.V. Greene,61
M. Grosse Perdekamp,24 T. Gunji,11 H. Guragain,20 T. Hachiya,51, 52 J.S. Haggerty,7 K.I. Hahn,18 H. Hamagaki,11
H.F. Hamilton,1 S.Y. Han,18 J. Hanks,57 S. Hasegawa,28 T.O.S. Haseler,20 X. He,20 T.K. Hemmick,57 J.C. Hill,27
K. Hill,12 A. Hodges,20 R.S. Hollis,8 K. Homma,21 B. Hong,31 T. Hoshino,21 N. Hotvedt,27 J. Huang,7 S. Huang,61
K. Imai,28 J. Imrek,15 M. Inaba,60 A. Iordanova,8 D. Isenhower,1 Y. Ito,42 D. Ivanishchev,50 B.V. Jacak,57
M. Jezghani,20 Z. Ji,57 X. Jiang,35 B.M. Johnson,7, 20 V. Jorjadze,57 D. Jouan,48 D.S. Jumper,24 J.H. Kang,64
D. Kapukchyan,8 S. Karthas,57 D. Kawall,39 A.V. Kazantsev,32 V. Khachatryan,57 A. Khanzadeev,50
C. Kim,8, 31 D.J. Kim,29 E.-J. Kim,10 M. Kim,55 M.H. Kim,31 D. Kincses,16 E. Kistenev,7 J. Klatsky,19
P. Kline,57 T. Koblesky,12 D. Kotov,50, 54 S. Kudo,60 K. Kurita,53 Y. Kwon,64 J.G. Lajoie,27 E.O. Lallow,41
A. Lebedev,27 S. Lee,64 S.H. Lee,27, 57 M.J. Leitch,35 Y.H. Leung,57 N.A. Lewis,40 X. Li,35 S.H. Lim,35, 64
M.X. Liu,35 V-R Loggins,24 V.-R. Loggins,24 S. Lo¨ko¨s,16, 17 K. Lovasz,15 D. Lynch,7 T. Majoros,15 Y.I. Makdisi,6
M. Makek,65 M. Malaev,50 V.I. Manko,32 E. Mannel,7 H. Masuda,53 M. McCumber,35 P.L. McGaughey,35
D. McGlinchey,12, 35 C. McKinney,24 M. Mendoza,8 A.C. Mignerey,38 D.E. Mihalik,57 A. Milov,62 D.K. Mishra,4
J.T. Mitchell,7 G. Mitsuka,52 S. Miyasaka,51, 59 S. Mizuno,51, 60 P. Montuenga,24 T. Moon,64 D.P. Morrison,7
S.I. Morrow,61 T. Murakami,33, 51 J. Murata,51, 53 K. Nagai,59 K. Nagashima,21 T. Nagashima,53 J.L. Nagle,12
M.I. Nagy,16 I. Nakagawa,51, 52 H. Nakagomi,51, 60 K. Nakano,51, 59 C. Nattrass,58 T. Niida,60 R. Nouicer,7, 52
T. Nova´k,17, 63 N. Novitzky,57 R. Novotny,14 A.S. Nyanin,32 E. O’Brien,7 C.A. Ogilvie,27 J.D. Orjuela Koop,12
J.D. Osborn,40 A. Oskarsson,36 G.J. Ottino,44 K. Ozawa,30, 60 V. Pantuev,25 V. Papavassiliou,45 J.S. Park,55
S. Park,51, 55, 57 S.F. Pate,45 M. Patel,27 W. Peng,61 D.V. Perepelitsa,7, 12 G.D.N. Perera,45 D.Yu. Peressounko,32
C.E. PerezLara,57 J. Perry,27 R. Petti,7 M. Phipps,7, 24 C. Pinkenburg,7 R.P. Pisani,7 A. Pun,46 M.L. Purschke,7
P.V. Radzevich,54 K.F. Read,47, 58 D. Reynolds,56 V. Riabov,43, 50 Y. Riabov,50, 54 D. Richford,5 T. Rinn,27
S.D. Rolnick,8 M. Rosati,27 Z. Rowan,5 J. Runchey,27 A.S. Safonov,54 T. Sakaguchi,7 H. Sako,28 V. Samsonov,43, 50
M. Sarsour,20 K. Sato,60 S. Sato,28 B. Schaefer,61 B.K. Schmoll,58 K. Sedgwick,8 R. Seidl,51, 52 A. Sen,27, 58 R. Seto,8
A. Sexton,38 D. Sharma,57 I. Shein,23 T.-A. Shibata,51, 59 K. Shigaki,21 M. Shimomura,27, 42 T. Shioya,60 P. Shukla,4
A. Sickles,24 C.L. Silva,35 D. Silvermyr,36 B.K. Singh,3 C.P. Singh,3 V. Singh,3 M.J. Skoby,40 M. Slunecˇka,9
K.L. Smith,19 M. Snowball,35 R.A. Soltz,34 W.E. Sondheim,35 S.P. Sorensen,58 I.V. Sourikova,7 P.W. Stankus,47
S.P. Stoll,7 T. Sugitate,21 A. Sukhanov,7 T. Sumita,51 J. Sun,57 Z Sun,15 Z. Sun,15 S. Syed,20 J. Sziklai,63
A Takeda,42 K. Tanida,28, 52, 55 M.J. Tannenbaum,7 S. Tarafdar,61, 62 A. Taranenko,43 A. Taranenko,43, 56
G. Tarnai,15 R. Tieulent,20, 37 A. Timilsina,27 T. Todoroki,60 M. Toma´sˇek,14 C.L. Towell,1 R.S. Towell,1
I. Tserruya,62 Y. Ueda,21 B. Ujvari,15 H.W. van Hecke,35 S. Vazquez-Carson,12 J. Velkovska,61 M. Virius,14
V. Vrba,14, 26 N. Vukman,65 X.R. Wang,45, 52 Z. Wang,5 Y. Watanabe,51, 52 Y.S. Watanabe,11 C.P. Wong,20
C.L. Woody,7 C. Xu,45 Q. Xu,61 L. Xue,20 S. Yalcin,57 Y.L. Yamaguchi,52, 57 H. Yamamoto,60 A. Yanovich,23
P. Yin,12 J.H. Yoo,31 I. Yoon,55 H. Yu,45, 49 I.E. Yushmanov,32 W.A. Zajc,13 A. Zelenski,6 S. Zharko,54 and L. Zou8
(PHENIX Collaboration)
1Abilene Christian University, Abilene, Texas 79699, USA
2Department of Physics, Augustana University, Sioux Falls, South Dakota 57197, USA
3Department of Physics, Banaras Hindu University, Varanasi 221005, India
4Bhabha Atomic Research Centre, Bombay 400 085, India
5Baruch College, City University of New York, New York, New York, 10010 USA
6Collider-Accelerator Department, Brookhaven National Laboratory, Upton, New York 11973-5000, USA
7Physics Department, Brookhaven National Laboratory, Upton, New York 11973-5000, USA
8University of California-Riverside, Riverside, California 92521, USA
9Charles University, Ovocny´ trh 5, Praha 1, 116 36, Prague, Czech Republic
10Chonbuk National University, Jeonju, 561-756, Korea
ar
X
iv
:1
80
5.
02
97
3v
2 
 [n
uc
l-e
x]
  1
8 A
ug
 20
18
211Center for Nuclear Study, Graduate School of Science, University of Tokyo, 7-3-1 Hongo, Bunkyo, Tokyo 113-0033, Japan
12University of Colorado, Boulder, Colorado 80309, USA
13Columbia University, New York, New York 10027 and Nevis Laboratories, Irvington, New York 10533, USA
14Czech Technical University, Zikova 4, 166 36 Prague 6, Czech Republic
15Debrecen University, H-4010 Debrecen, Egyetem te´r 1, Hungary
16ELTE, Eo¨tvo¨s Lora´nd University, H-1117 Budapest, Pa´zma´ny P. s. 1/A, Hungary
17Eszterha´zy Ka´roly University, Ka´roly Ro´bert Campus, H-3200 Gyo¨ngyo¨s, Ma´trai u´t 36, Hungary
18Ewha Womans University, Seoul 120-750, Korea
19Florida State University, Tallahassee, Florida 32306, USA
20Georgia State University, Atlanta, Georgia 30303, USA
21Hiroshima University, Kagamiyama, Higashi-Hiroshima 739-8526, Japan
22Department of Physics and Astronomy, Howard University, Washington, DC 20059, USA
23IHEP Protvino, State Research Center of Russian Federation, Institute for High Energy Physics, Protvino, 142281, Russia
24University of Illinois at Urbana-Champaign, Urbana, Illinois 61801, USA
25Institute for Nuclear Research of the Russian Academy of Sciences, prospekt 60-letiya Oktyabrya 7a, Moscow 117312, Russia
26Institute of Physics, Academy of Sciences of the Czech Republic, Na Slovance 2, 182 21 Prague 8, Czech Republic
27Iowa State University, Ames, Iowa 50011, USA
28Advanced Science Research Center, Japan Atomic Energy Agency, 2-4
Shirakata Shirane, Tokai-mura, Naka-gun, Ibaraki-ken 319-1195, Japan
29Helsinki Institute of Physics and University of Jyva¨skyla¨, P.O.Box 35, FI-40014 Jyva¨skyla¨, Finland
30KEK, High Energy Accelerator Research Organization, Tsukuba, Ibaraki 305-0801, Japan
31Korea University, Seoul, 136-701, Korea
32National Research Center “Kurchatov Institute”, Moscow, 123098 Russia
33Kyoto University, Kyoto 606-8502, Japan
34Lawrence Livermore National Laboratory, Livermore, California 94550, USA
35Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA
36Department of Physics, Lund University, Box 118, SE-221 00 Lund, Sweden
37IPNL, CNRS/IN2P3, Univ Lyon, Universit Lyon 1, F-69622, Villeurbanne, France
38University of Maryland, College Park, Maryland 20742, USA
39Department of Physics, University of Massachusetts, Amherst, Massachusetts 01003-9337, USA
40Department of Physics, University of Michigan, Ann Arbor, Michigan 48109-1040, USA
41Muhlenberg College, Allentown, Pennsylvania 18104-5586, USA
42Nara Women’s University, Kita-uoya Nishi-machi Nara 630-8506, Japan
43National Research Nuclear University, MEPhI, Moscow Engineering Physics Institute, Moscow, 115409, Russia
44University of New Mexico, Albuquerque, New Mexico 87131, USA
45New Mexico State University, Las Cruces, New Mexico 88003, USA
46Department of Physics and Astronomy, Ohio University, Athens, Ohio 45701, USA
47Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
48IPN-Orsay, Univ. Paris-Sud, CNRS/IN2P3, Universite´ Paris-Saclay, BP1, F-91406, Orsay, France
49Peking University, Beijing 100871, People’s Republic of China
50PNPI, Petersburg Nuclear Physics Institute, Gatchina, Leningrad region, 188300, Russia
51RIKEN Nishina Center for Accelerator-Based Science, Wako, Saitama 351-0198, Japan
52RIKEN BNL Research Center, Brookhaven National Laboratory, Upton, New York 11973-5000, USA
53Physics Department, Rikkyo University, 3-34-1 Nishi-Ikebukuro, Toshima, Tokyo 171-8501, Japan
54Saint Petersburg State Polytechnic University, St. Petersburg, 195251 Russia
55Department of Physics and Astronomy, Seoul National University, Seoul 151-742, Korea
56Chemistry Department, Stony Brook University, SUNY, Stony Brook, New York 11794-3400, USA
57Department of Physics and Astronomy, Stony Brook University, SUNY, Stony Brook, New York 11794-3800, USA
58University of Tennessee, Knoxville, Tennessee 37996, USA
59Department of Physics, Tokyo Institute of Technology, Oh-okayama, Meguro, Tokyo 152-8551, Japan
60Tomonaga Center for the History of the Universe, University of Tsukuba, Tsukuba, Ibaraki 305, Japan
61Vanderbilt University, Nashville, Tennessee 37235, USA
62Weizmann Institute, Rehovot 76100, Israel
63Institute for Particle and Nuclear Physics, Wigner Research Centre for Physics, Hungarian
Academy of Sciences (Wigner RCP, RMKI) H-1525 Budapest 114, POBox 49, Budapest, Hungary
64Yonsei University, IPAP, Seoul 120-749, Korea
65Department of Physics, Faculty of Science, University of Zagreb, Bijenicˇka c. 32 HR-10002 Zagreb, Croatia
∗ PHENIX Spokesperson: akiba@rcf.rhic.bnl.gov
† Deceased
3The experimental study of the collisions of
heavy nuclei at relativistic energies has estab-
lished the properties of the quark-gluon plasma
(QGP), a state of hot, dense nuclear matter in
which quarks and gluons are not bound into
hadrons [1–4]. In this state, matter behaves as
a nearly inviscid fluid [5] that efficiently trans-
lates initial spatial anisotropies into correlated
momentum anisotropies among the produced par-
ticles, creating a common velocity field pattern
known as collective flow. In recent years, com-
parable momentum anisotropies have been mea-
sured in small-system proton-proton (p+p) and
proton-nucleus (p+A) collisions, despite expecta-
tions that the volume and lifetime of the medium
produced would be too small to form a QGP.
Here, we report on the observation of elliptic
and triangular flow patterns of charged parti-
cles produced in proton-gold (p+Au), deuteron-
gold (d+Au), and helium-gold (3He+Au) colli-
sions at a nucleon-nucleon center-of-mass energy√
s
NN
= 200 GeV. The unique combination of
three distinct initial geometries and two flow pat-
terns provides unprecedented model discrimina-
tion. Hydrodynamical models, which include the
formation of a short-lived QGP droplet, provide a
simultaneous description of these measurements.
Experiments at the Relativistic Heavy Ion Collider
(RHIC) and the Large Hadron Collider (LHC) explore
emergent phenomena in quantum chromodynamics, most
notably the near-perfect fluidity of the QGP. To quantify
this behavior, the azimuthal distribution of each event’s
final-state particles, dNdφ , is decomposed into a Fourier
series as follows:
dN
dφ
∝ 1 +
∑
n
2vn(pT ) cos(n(φ− ψn)), (1)
where pT and φ are the transverse momentum and the
azimuthal angle of a particle relative to the beam direc-
tion, respectively, and ψn is the orientation of the n
th
order symmetry plane of the produced particles. The
second (v2) and third (v3) Fourier coefficients represent
the amplitude of elliptic and triangular flow, respectively.
A multitude of measurements of the Fourier coefficients,
utilizing a variety of techniques, have been well-described
by hydrodynamical models, thereby establishing the fluid
nature of the QGP in large-ion collisions [5].
The LHC experiments were first to observe similar
features in small-system collisions [6–9], followed closely
by reanalysis of previously recorded d+Au data from
RHIC [10, 11]. These unexpected results highlighted the
need to explore whether these smallest hadronic systems
still form QGP. Alternatively, a number of physics mech-
anisms that do not involve QGP formation have been
proposed, including those which attribute final-state mo-
mentum anisotropy to momentum correlations generated
at the earliest stages of the collision, hence referred to as
initial-state momentum correlation models (see Refs. [12]
and [13] for recent reviews).
A projectile geometry scan utilizing the unique capa-
bilities of RHIC was proposed in Ref. [14] in order to
discriminate between hydrodynamical models that cou-
ple to the initial geometry and initial-state momentum
correlation models that do not. Varying the collision sys-
tem from p+Au, to d+Au, to 3He+Au changes the initial
geometry from dominantly circular, to elliptical, and to
triangular configurations, respectively, as characterized
by the 2nd and 3rd order spatial eccentricities, which cor-
respond to ellipticity and triangularity, respectively. The
nth order spatial eccentricity of the system, εn, typically
determined from a Monte Carlo (MC) Glauber model of
nucleon-nucleon interactions (see e.g. Ref [15]), can be
defined as
εn =
√〈rn cos(nφ)〉2 + 〈rn sin(nφ)〉2
〈rn〉 , (2)
where r and φ are the polar coordinates of participating
nucleons [16]. The eccentricity fluctuates event-by-event
and is generally dependent on the impact parameter of
the collision and the number of participating nucleons.
The mean ε2 and ε3 values for small impact parameter
p/d/3He+Au collisions are shown in Fig. 1a. The ε2 and
ε3 values in d+Au and
3He+Au are driven almost entirely
by the intrinsic geometry of the deuteron and 3He, while
the values in p+Au collisions are driven by fluctuations
in the configuration of struck nucleons in the Au nucleus,
as the proton itself is on average circular.
Hydrodynamical models begin with an initial spa-
tial energy-density distribution with a given tempera-
ture that evolves in time following the laws of relativistic
viscous hydrodynamics using an equation of state deter-
mined from lattice QCD [17]. Examples of this evolution
are shown for p/d/3He+Au collisions in Fig. 1b using
the hydrodynamical model sonic [18]. The first panel of
each row shows the temperature profile at time t = 1.0
fm/c for typical p+Au, d+Au, and 3He+Au collisions.
The following three panels show snapshots of the tem-
perature evolution at three different time points. The
initial spatial distribution also sets the pressure gradient
field, which translates into a velocity field, which in turn
determines the azimuthal momentum distribution of pro-
duced particles. The relative magnitude and direction of
the velocity is represented in the figure by arrows. At the
final time point, t = 4.5 fm/c, the mostly circular (top),
elliptical (middle), and triangular (bottom) initial spa-
tial eccentricities have been translated into dominantly
radial, elliptic, and triangular flow, respectively. Given
these different initial geometries, as characterized by the
ε2 and ε3 values shown in Fig. 1a, hydrodynamical mod-
els provide a clear prediction for the ordering of the ex-
perimentally accessible v2 and v3 signals, following that
of the εn, namely
v
p+Au
2 < v
d+Au
2 ≈ v
3He+Au
2 ,
v
p+Au
3 ≈ vd+Au3 < v
3He+Au
3 .
(3)
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FIG. 1. | Average system eccentricities from a Monte Carlo Glauber model and hydrodynamic evolution of
small systems. a, Average second (third) order spatial eccentricities, ε2 (ε3), shown as columns for small impact parameter
p+Au (red), d+Au (blue), and 3He+Au (black) collisions as calculated from a MC Glauber model. The second and third order
spatial eccentricities correspond to ellipticity and triangularity respectively as depicted by the shapes inset in the bars. b, Hy-
drodynamic evolution of a characteristic head-on p+Au (top), d+Au (middle), and 3He+Au (bottom) collision at
√
sNN = 200
GeV as calculated by sonic, where the p/d/3He completely overlap with the Au nucleus. From left to right each row gives the
temperature distribution of the nuclear matter at four time points following the initial collision at t = 0. The arrows depict
the velocity field, with the length of the longest arrow plotted corresponding to β = 0.82.
This ordering assumes that hydrodynamics can efficiently
translate the initial geometric εn into dynamical vn,
which in turn requires a small value for the specific shear
viscosity.
There exist a class of alternative explanations where
vn is not generated via flow, but rather is created at the
earliest time in the collision process as described by so-
called initial-state momentum correlation models. They
produce a mimic flow signal where the initial collision
generates color flux tubes that have a preference to emit
particles back-to-back in azimuth [19, 20]. These color
flux tubes, also referred to as domains, have a trans-
verse size relative to the collision axis less than the color-
correlation length of order 0.1-0.2 fm. In the case where
individual domains are resolved, a collision system with
a larger overall area but the same characteristic domain
size (for example d+Au and 3He+Au compared with
p+Au and p+p) should have a weaker correlation because
the different domains are separated and do not commu-
nicate [21, 22]. An instructive analogy is a ferromag-
net with many domains: if the domains are separated
and disconnected, the overall magnetic field is weakened
by the cancellation of effects from the random orienta-
tion in the different domains. The RMS diameter of the
deuteron is 4.2 fm, and so in d+Au collisions the two hot
spots are much further apart than the characteristic do-
main size. A straightforward prediction is then that the
v2 and v3 coefficients should be ordered
vp+Aun > v
d+Au
n > v
3He+Au
n , (4)
in contradistinction to the hydrodynamic flow prediction.
An experimental realization of the proposed geome-
try scan has been under way since 2014 at RHIC. Col-
lisions of 3He+Au, p+Au, and d+Au at
√
s
NN
= 200
GeV were recorded in 2014, 2015, and 2016, respectively.
The PHENIX experiment observed elliptic anisotropies
in the azimuthal distributions of the charged particles
produced in all three systems [23–25], as well as trian-
gular anisotropies in 3He+Au collisions [25]. This Letter
completes this set of elliptic and triangular flow measure-
ments from PHENIX in all three systems and explores
the relation between the strength of the measured vn and
the initial-state geometry.
The vn measurements reported here are determined
using the event plane method [26] for charged hadrons
in the midrapidity region covering |η| < 0.35, where η is
the particle pseudorapidity,
η ≡ − ln
(
tan
θ
2
)
, (5)
5and θ is the polar angle of the particle. The 2nd or-
der event plane is determined using detectors in the Au-
going direction covering −3.0 < η < −1.0 in p/d+Au and
−3.9 < η < −3.1 in 3He+Au. The 3rd order event plane
is determined using detectors in the Au-going direction
covering −3.9 < η < −3.1 in all cases. The pseudorapid-
ity gap between the particle measurements and the event
plane determination excludes auto-correlations and re-
duces short-range correlations arising from, for example,
jets and particle decays—typically referred to as nonflow
correlations. Estimates of possible remaining nonflow
contributions are included in the systematic uncertain-
ties. Additional uncertainties related to detector align-
ment, data selection, and event plane determination are
also included in the systematic uncertainty estimation.
In these small collision systems the event plane resolu-
tion is low, meaning that vn{EP} =
√〈v2n〉 [27] and the
results are therefore equivalent to measurements using
two-particle correlation methods.
Measurements of vn as a function of pT are shown for
all three systems in Fig. 2. The measurements are per-
formed in the 0-5% most central events, an experimen-
tally determined criterion which selects the 5% of events
with the largest number of produced particles (here-
after referred to simply as “multiplicity”) in the region
−3.9 < η < −3.1. A detailed description of the central-
ity determination in small systems is given in Ref. [28].
The vertical bars on each point represent the statistical
uncertainties, while the shaded boxes represent the sys-
tematic uncertainties. The flow coefficients follow the
prediction of hydrodynamical models shown in equation
(3). These relationships suggest that the primary driver
of azimuthal momentum anisotropies in particle emission
is initial spatial anisotropy.
While Fig. 2 offers qualitative support for the hydro-
dynamic theory, Fig. 3 directly compares these data to
predictions from two hydrodynamical models, sonic [18]
(used in Fig. 1) and iEBE-VISHNU [29]. The core struc-
ture of the two models is similar: the initial condi-
tions are evolved using viscous hydrodynamics, the fluid
hadronizes, hadronic scattering occurs, and the vn co-
efficients of the final-state hadron distributions are de-
termined using two-particle correlation methods. How-
ever, the detailed implementations are different, includ-
ing the use of different fluctuations in the initial energy
deposited, as well as different hadronic rescattering pack-
ages. Both calculations in Fig. 3 use a ratio of the shear
viscosity η to entropy density s of η/s = 0.08 ≈ 14pi ,
the conjectured lower limit in strongly-coupled field the-
ories [30].
Figure 3 shows that the hydrodynamical models are
consistent with the v2 data in all three systems. Both
models capture the magnitude difference of v3 compared
to v2, the collision system dependence, as well as the
general pT dependence of v3. The models tend to di-
verge at higher pT in the case of v3, which may be
more sensitive to the hadronic rescattering. To quan-
tify the agreement, we calculate p-values following the
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FIG. 2. | Measured vn(pT ) in three collision systems.
a, Measurements of v2(pT ) in the 0-5% most central p+Au,
d+Au, and 3He+Au collisions at
√
sNN = 200 GeV. A d+Au
event from a MC Glauber model is inset with the elliptic sym-
metry plane angle, ψ2, depicted. b, Measurements of v3(pT )
in the 0-5% most central p+Au, d+Au, and 3He+Au collisions
at
√
sNN = 200 GeV. A
3He+Au event from a MC Glauber
model is inset with the triangular symmetry plane angle, ψ3,
depicted. Each point in a,b represents an average over pT
bins of width 0.2 GeV/c to 0.5 GeV/c; black diamonds are
3He+Au, blue squares are d+Au, red circles are p+Au. Line
error bars are statistical and box error bars are systematic
(Methods).
procedure of incorporating data systematic uncertainties
and their correlations into a modified χ2 analysis laid
out in Ref. [31] (See Methods for details). We find that
sonic and iEBE-VISHNU yield combined p-values across
the 6 measurements of 0.96 and 0.061 respectively. The
large difference in p-values is driven by the effect of the
dominant nonflow uncertainty, which is asymmetric and
anti-correlated between v2 and v3. sonic tends to un-
derestimate the v2 and overestimate the v3, particularly
in p+Au and d+Au, which is more in line with the un-
certainty correlations than iEBE-VISHNU, which tends
to yield a poorer description of the pT slope. Overall,
the simultaneous description of these two observables in
three different systems using a common initial geometry
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FIG. 3. | Measured vn(pT ) in three collision systems compared to models. a, Measured vn(pT ) in the 0-5% most
central p+Au collisions compared to models. b, Measured vn(pT ) in the 0-5% most central d+Au collisions compared to models.
c, Measured vn(pT ) in the 0-5% most central
3He+Au compared to models. Each point in a-c represents an average over pT
bins of width 0.2 GeV/c to 0.5 GeV/c; black circles are v2, black diamonds are v3. The solid red (dashed blue) curves in a-c
represent hydrodynamic predictions of vn from sonic (iEBE-VISHNU). The solid green curves in a-c represent initial-state
momentum correlation postdictions of vn from MSTV.
model and the same specific η/s strongly supports the
hydrodynamic picture.
The hydrodynamic calculations shown in Fig. 3 use ini-
tial conditions generated from a nucleon Glauber model.
However, initial geometries with quark substructure do
not significantly change the ε2 and ε3 values for high
multiplicity p/d/3He+Au collisions [32, 33] and thus the
hydrodynamic results should be relatively insensitive to
these variations.
While we have focused on hydrodynamical models
here, there is an alternative class of models that also
translate initial spatial eccentricity to final state par-
ticle azimuthal momentum anisotropy. Instead of hy-
drodynamic evolution, the translation occurs via parton-
parton scattering with a modest interaction cross section.
These parton transport models, for example A Multi-
Phase Transport (ampt) Model [34], are able to capture
the system ordering of vn at low-pT in small systems [35],
but fail to describe the pT dependence and overall mag-
nitude of the coefficients for all systems resulting in a
p-value consistent with zero when compared to the data
shown here. We have additionally analyzed ampt follow-
ing the identical PHENIX event plane method and find
even worse agreement with the experimental data.
While the initial geometry models for the d+Au and
3He+Au are largely constrained by our detailed under-
standing of the 2- and 3-body nucleon correlations in the
deuteron and 3He nuclei, respectively, the distribution of
deposited energy around each nucleon-nucleon collision
site could result in an ambiguity between the allowed
ranges of the η/s and the broadening of the initial distri-
bution, as pointed out in Ref. [13]. However, a broader
distribution of deposited energy results in a significant
reduction of the ε2 values and an even greater reduc-
tion of ε3, with by far the largest reduction in the p+Au
system. Here again, the simultaneous constraints of the
elliptic and triangular flow ordering eliminates this am-
biguity.
Our experimental data also rule out the initial-state
correlations scenario where color domains are individu-
ally resolved as the dominant mechanics for creating v2
and v3 in p/d/
3He+Au collisions. After our results be-
came publicly available, a new calculation was presented
in Ref. [37], hereafter referred to as MSTV, where the or-
dering of the measured vn values matches the experimen-
tal data. This calculation posits that gluons from the Au
target do not resolve individual color domains in the pro-
jectile p/d/3He and interact with them coherently, and
thus the ordering does not follow Eq. 4. The calculations
are shown in Fig. 3, and yield a p-value for the MSTV
calculations of v2 and v3 for the three collision systems of
effectively zero, in contradistinction to the robust values
found for the hydrodynamic models. Another key state-
ment made by MSTV – that in the dilute-dense limit the
saturation scale Q2s is proportional to the number of pro-
duced charged particles – is questionable [38], but also
leads the MSTV authors to make a clear prediction that
the v2 will be identical between systems when selecting
on the same event multiplicity. Shown in Fig. 4 are the
previously published d+Au (20-40%) and p+Au (0-5%)
v2 where the measured mean charged particle multiplic-
ities (dNch/dη) match [36]. The results do not support
the MSTV prediction of an identical v2 for these two sys-
tems at the same multiplicity, while the differences in v2
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FIG. 4. | Measured v2(pT ) in p+Au and d+Au colli-
sions at the same event multiplicity. Measured v2(pT )
in the 0-5% most central p+Au collisions and 20-40% central
d+Au collisions compared to sonic predictions and MSTV
post-dictions. Each point represents an average over pT bins
of width 0.2 GeV/c to 0.5 GeV/c; blue circles are d+Au,
red circles are p+Au. Line error bars are statistical and box
error bars are systematic (Methods). The quoted dNch/dη
values are taken from Ref. [36]. Blue and red curves corre-
spond to sonic predictions for d+Au and p+Au, respectively.
The green curve corresponds to MSTV calculations for 0-5%
central p+Au collisions, which the authors state are also ap-
plicable to d+Au collisions at the same multiplicity.
between the systems follow the expectations from hydro-
dynamic calculations matched to the same dNch/dη.
In summary, we have shown azimuthal particle cor-
relations in three different small-system collisions with
different intrinsic initial geometries. The simultaneous
constraints of v2 and v3 in p/d/
3He+Au collisions defini-
tively demonstrate that the vn’s are correlated to the ini-
tial geometry, removing any ambiguity related to event
multiplicity or initial geometry models. We find that
initial-state momentum correlation models where color
domains are individually resolved are ruled out as the
dominant mechanism behind the observed collectivity.
New calculations where the domains are not resolved are
unable to simultaneously explain the v2 and v3 in high
multiplicity collisions, and are further unable to explain
the difference in v2 between p+Au and d+Au when the
multiplicity selections are matched. Further, we find that
hydrodynamical models which include QGP formation
provide a simultaneous and quantitative description of
the data in all three systems.
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Methods Here we provide details of the v3 measure-
ments in p+Au and d+Au collisions as well as details on
quantifying comparisons of theory to data. For details
on the remaining measurements see Refs. [23–25].
Experimental Setup: These measurements utilize the
PHENIX detector at RHIC. Particle tracking is per-
formed by two arms at midrapidity, each covering |η| <
0.35 and pi2 in azimuth using drift chambers (DC) and pad
chambers (PC) [39]. Beam-beam counters (BBC) located
at forward and backward rapidities (3.1 < |η| < 3.9),
each consisting of an array of 64 quartz Cherenkov ra-
diators read out by photomultiplier tubes [28], provide
event triggering, collision vertexing, and event plane an-
gle determination. Additionally, a forward vertex detec-
8tor (FVTX) covering 1.0 < |η| < 3.0 and composed of
high efficiency silicon mini-strips [40] provides an inde-
pendent event plane angle determination. A description
of the PHENIX detector can be found in Ref. [41].
Event Selection: A minimum bias (MB) interaction
trigger is provided by the BBC, which requires at least
one hit tube in both the south (η < 0, Au-going direc-
tion) and north (η > 0, p/d-going direction), along with
an online vertex within |zvertex| < 10 cm of the nomi-
nal interaction region. In addition to the MB trigger, a
high multiplicity trigger requiring > 35 (> 40) hit tubes
in the BBCS provided a factor of 25 (188) enhancement
of high multiplicity events in p+Au (d+Au) collisions.
A more precise offline collision vertex is determined us-
ing timing information in the BBC and is constrained
to |zvertex| < 10 cm in order to be sufficiently inside
the acceptance of the detector. Events containing more
than one nucleus-nucleus collision, referred to as dou-
ble interaction events, are rejected using an algorithm
based on BBC charge and timing information described
in Ref. [24]. Event centrality is determined using the to-
tal charge collected in the south BBC, as described in
Ref. [28]. We require an event centrality of 0–5% to se-
lect events with the highest multiplicity, where the signal
of interest is strongest. In total, 322 (636) million p+Au
(d+Au) events are analyzed.
Track Selection: Quality cuts are applied to recon-
structed particle tracks requiring hits in both the DC
and the outermost PC layer with a required 3σ level of
agreement. This removes the majority of tracks that do
not originate from the primary collision. Further details
can be found in Refs. [23–25].
Event Plane Determination: The third-order symme-
try plane angle, ψ3 is measured using the south BBC via
the standard method [42]. Namely,
ψn =
1
n
arctan
∑N
i sinnφi∑N
i cosnφi
, (6)
where N is the number of particles and φi is the az-
imuthal angle of each particle. The ψ3 resolution, R(ψ3),
is calculated using the three-subevent method which cor-
relates measurements in the south BBC, south FVTX,
and central arms. The calculated resolutions are 6.7%
and 5.7% in p+Au and d+Au collisions, respectively.
Determination of v3: The v3 values are measured using
the event plane method [26, 42] as
v3 =
〈cos(3(φ− ψ3)〉
R(ψ3)
, (7)
where φ is the azimuthal angle of particles emitted at
midrapitiy, |η| < 0.35.
Systematic uncertainties: The systematic uncertain-
ties reported are estimated according to the following
methods for the measurements of v3 in both p+Au and
d+Au collisions.
The effect of remaining background tracks due primar-
ily to photon conversions and weak decays is estimated by
comparing the v3 values when requiring a tighter match-
ing between the track projection and hits in PC3. We
find that this increases the v3 by < 1% and 7% in p+Au
and d+Au collisions, respectively, independent of pT .
The effect of double interaction event selection is es-
timated by comparing the v3 values when requiring a
tighter cut on the rejection. This yields a change in the
v3 of 3% and 2% in p+Au and d+Au collisions respec-
tively, independent of pT .
Uncertainty in the event plane resolution comes from
two sources. The first is the statistical uncertainty inher-
ent in the resolution calculation, which yields a ±13%
and ±17% uncertainty in p+Au and d+Au collisions,
respectively. Additionally, the resolution is calculated
using central arm tracks over two different pT regions.
This leads to an uncertainty of 7% and 34% in p+Au
and d+Au collisions, respectively.
We also include an uncertainty due to the choice of
event plane detector. In p+Au collisions, this is deter-
mined by comparing the v3 calculated using event planes
determined by the south BBC and FVTX. We find that
the results are consistent within uncertainties, as ex-
pected. In d+Au collisions, v3 is also calculated using
an alternative method utilizing two particle correlations.
Based on a ratio of the v3 values calculated using the two
particle correlation and event plane methods, we assign
a 16% systematic uncertainty.
In v3, nonflow decreases the amplitude of the measured
signal [25], and its contribution increases with increasing
pT . To estimate the nonflow contribution we calculate
a normalized correlation function between midrapidity
tracks and BBC photomultiplier (PMT) tubes:
S(∆φ, pT ) =
d(QPMTN
track(pT )−PMT
same event )
d∆φ
, (8)
C(∆φ, pT ) =
S(∆φ, pT )
M(∆φ, pT )
∫ 2pi
0
M(∆φ, pT )∫ 2pi
0
S(∆φ, pT )
, (9)
where QPMT is the charge on the PMT in the pair and
N
track(pT )−PMT
same event is the number of track–PMT pairs from
the same event. M(∆φ, pT ) is determined in the same
way as S(∆φ, pT ) but with one particle in one event and
another particle in a different event (the so-called mixed
event technique). This normalization procedure accounts
for acceptance effects and produces a correlation function
of order unity. Next, we fit C(∆φ, pT ) with a Fourier
expansion:
C(∆φ) = 1 +
∑
2cn(pT ) cos(n∆φ). (10)
We do this process for both systems in which we want to
estimate the nonflow (p+Au or d+Au) and for p+p at the
same collision energy. We take the Fourier coefficients cn
to find the nonflow contribution to the vn values in a
given system,
nonflow ratio =
c
p+p
n (pT )
〈Qp+p〉
〈Qsystem〉
csystemn (pT )
(11)
9where 〈Q〉 is the average BBC charge for the system. The
ratio of average charges normalizes the cn by multiplicity.
The assumption is that c
p+p
n is entirely due to nonflow
such that the deviation of the nonflow ratio from one is
taken as an estimate of the nonflow, and included as a
pT dependent systematic uncertainty.
A summary of the systematic uncertainties on v3 in
p/d+Au are given in Table I along with 3He+Au uncer-
tainties taken from Ref. [25].
Comparison of theory to data: The level of agreement
between the different theoretical calculations and the
data presented in this work is quantified by performing a
least squares fit incorporating a careful treatment of vari-
ous types of systematic uncertainties, following Ref. [31].
The nonflow uncertainty is the dominant source of sys-
tematic uncertainty in all six measurements. It is known
to be point-to-point correlated as a function of pT , to
contribute asymmetrically, and to be anti-correlated be-
tween v2 and v3. Namely, the nonflow can only reduce
the measured v2 while simultaneously only increasing the
v3.
All remaining measurement uncertainties are assumed
to be uncorrelated between v2 and v3. The remaining
uncertainties are assumed to contribute in the following
ways:
1. as point-to-point uncorrelated uncertainties
2. as point-to-point anti-correlated uncertainties (e.g.
a tilt in the pT dependence)
3. as point-to-point correlated uncertainties
The total systematic uncertainty (excluding the nonflow)
is taken to contribute a fraction of its value to each of
the above types. A conservative approach is taken, and
these fractions are allowed to vary independently for each
measurement within reasonable limits.
The bands around the theoretical calculations shown
in Fig. 3 indicate some subset of theoretical uncertainties
which differs between the models. We make the assump-
tion that the dominant contribution is a point-to-point
correlated uncertainty which is additionally correlated
between v2 and v3. Given their small uncertainties, the
inclusion of this treatment has little effect on the results
for either sonic or MSTV. It has the largest effect with
iEBE-VISHNU, however its inclusion does not affect the
relative ordering of the agreement discussed below.
We calculate a p-value from the least squares minimiza-
tion in the standard way, where the number of degrees
of freedom is simply the total number of data points,
as there are no free parameters in the comparison. The
total p-values, along with the p-values for each collision
system, are given in Table II for sonic, iEBE-VISHNU,
MSTV, and ampt. The ampt calculations are taken
from Ref. [35], which calculate v2 and v3 relative to the
initial participant nucleon plane, utilizing the so-called
string melting mechanism, and a parton interaction cross
section of σ = 1.5 mb. sonic provides a very good de-
scription of the data, with a rather close to unity value
of 0.96, which may indicate a modest overestimate of the
statistical or systematic uncertainties. iEBE-VISHNU
yields a worse p-value of 0.061. The larger p-value for
sonic compared to iEBE-VISHNU is driven by the non-
flow uncertainty. The fact that sonic tends to under-
predict the v2 while over-predicting the v3 is mitigated
by the nonflow uncertainty, while iEBE-VISHNU’s worse
description of the pT dependence in p+Au and d+Au is
not compensated for by the relatively small remaining
uncertainty Both MSTV and ampt yield a very poor de-
scription of the data with p-values of 8.83 × 10−17 and
1.71× 10−46 respectively.
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